To date, the majority of work on RNA virus replication fidelity has focused on the viral RNA polymerase, while the potential role of other viral replicase proteins in this process is poorly understood. Previous studies used resistance to broad-spectrum RNA mutagens, such as ribavirin, to identify polymerases with increased fidelity that avoid misincorporation of such base analogues. We identified a novel variant in the alphavirus viral helicase/protease, nonstructural protein 2 (nsP2) that operates in concert with the viral polymerase nsP4 to further alter replication complex fidelity, a functional linkage that was conserved among the alphavirus genus. Purified chikungunya virus nsP2 presented delayed helicase activity of the high-fidelity enzyme, and yet purified replication complexes manifested stronger RNA polymerization kinetics. Because mutagenic nucleoside analogs such as ribavirin also affect intracellular nucleotide pools, we addressed the link between nucleotide depletion and replication fidelity by using purine and pyrimidine biosynthesis inhibitors. High-fidelity viruses were more resistant to these conditions, and viral growth could be rescued by the addition of exogenous nucleosides, suggesting that mutagenesis by base analogues requires nucleotide pool depletion. This study describes a novel function for nsP2, highlighting the role of other components of the replication complex in regulating viral replication fidelity, and suggests that viruses can alter their replication complex fidelity to overcome intracellular nucleotide-depleting conditions.
R
NA viruses rapidly generate large amounts of genetic diversity, all while maintaining genomic integrity, processes which have thus far been essentially restricted to the function of the polymerase. Little is known regarding other viral or cellular components that might regulate fidelity, and in particular those involved in alphavirus replication. By using RNA mutagens to alter mutation rates, the fidelity determinants within the viral polymerase of many RNA viruses have been identified, including footand-mouth disease virus (1, 2), poliovirus (3, 4) , Coxsackie B virus (5, 6) , influenza A virus (7), human enterovirus 71 (8, 9) , chikungunya virus (CHIKV) (10, 11) , and Sindbis virus (SINV) (11) . Mutagenic compounds such as ribavirin and 5-fluorouracil are base analogs that provoke mutations in downstream replication cycles after they are misincorporated into the genome. However, ribavirin also functions as an IMP dehydrogenase (IMPDH) inhibitor, an enzyme necessary for de novo purine biosynthesis and more specifically intracellular GTP levels (12) (13) (14) (15) , whereas 5-fluorouracil inhibits thymidylate synthase, leading to decreases in dTTP and increases in dUTP (16) and thus another imbalance in nucleotide pools. Thus, in addition to avoiding the incorporation of mutagenic base analogs, resistance may arise to overcome imbalances in nucleotide pools. How such resistance could be achieved and whether such variants would present altered fidelity is not known.
CHIKV is an alphavirus and member of the Togaviridae family. CHIKV is an enveloped positive-strand RNA virus containing an 11.8-kb genome which encodes 10 gene products during viral replication. These include four nonstructural proteins (nsP1 to nsP4) required for RNA replication and six structural proteins (capsid, E3, E2, 6K, TF, and E1) necessary for virion production (17) . Of the nonstructural proteins, nsP1 contributes to membrane binding, capping events since the viral guanylyl-and methyltransferase and is also required for negative-strand RNA synthesis (18) ; nsP2 is a multifunctional protein which exhibits helicase, NTPase, and protease activity, as well as carries a carboxy-terminal putative methyltransferase-like domain (19) (20) (21) (22) . In addition to roles in precise viral polyprotein cleavage and processing during the initial steps in replication, nsP2 is also required for cellular transcriptional shutoff during infection (22) (23) (24) . nsP3 harbors macrodomains, zinc binding domains, and a hypervariable region, whereas nsP4 is the viral RNA-dependent RNA polymerase (RdRp) (25) . These four nonstructural proteins, along with host cofactors, function together to orchestrate efficient genome replication (20) .
Similar to other studies, we previously utilized the RNA mutagens ribavirin and 5-fluorouracil to study drug-resistant mutations in alphaviruses (CHIKV and SINV) and identified residue 483 of the RdRp nsP4 as a key determinant of polymerase fidelity (10, 11) . Interestingly, in the initial screen for drug-resistant variants (10), we identified an additional variant of the nsP2 protein that was not further characterized. In the present study, we found this nsP2 variant G641D was resistant to RNA mutagens and increased fidelity through a mechanism independent of the viral polymerase. In addition, biochemical assays showed that highfidelity nsP2 had reduced helicase activity, whereas isolated highfidelity replication complexes increased replication kinetics and resistance to low nucleotide concentrations. Finally, we found the high-fidelity variants to be resistant to other nucleotide biosynthesis inhibitors, such as mycophenolic acid and brequinar, suggesting that these variants were selected due to their ability to utilize and survive in low or imbalanced nucleotide conditions. Taken together, these data provide a novel role for nsP2 in regulating alphavirus fidelity and expand our knowledge on other viral components required to regulate these processes. In addition, our results show that RNA viruses can alter their biology to regulate replication fidelity as the intracellular environment changes.
MATERIALS AND METHODS

Cells and viruses.
The mammalian Vero, HeLa, and BHK-21 cell lines were maintained in Dulbecco modified Eagle medium (DMEM; Gibco) supplemented with 10% newborn calf serum (Gibco) and 1% penicillinstreptomycin (Sigma) at 37°C with 5% CO 2 .
Wild-type (WT) CHIKV was generated from the La Reunion strain 06-049 infectious clone, as previously described (10) . CHIKV nsP2 and nsP4 mutants were generated by site-directed mutagenesis of the infectious clone using the QuikChange II XL site-directed mutagenesis kit (Stratagene). All newly generated DNA plasmids were Sanger sequenced in full (GATC Biotech) to confirm mutagenesis and to that ensure no second-site mutations were introduced. The SINV nsP2 mutant was constructed in the same fashion from the pTR339 wild-type infectious clone (26) . Plasmids containing cDNAs of CHIKV and SINV infectious clones were linearized with NotI or XhoI, respectively, purified by phenol-chloroform extraction and ethanol precipitation, and subsequently used for in vitro transcription of viral RNAs using the SP6 mMESSAGE mMACHINE kit (Ambion). RNAs were then purified by phenol-chloroform extraction and ethanol precipitation, quantified, diluted to 1 g/l, and stored at Ϫ80°C.
For RNA transfections, BHK-21 cells were treated with trypsin, washed twice with ice-cold phosphate-buffered saline (PBS), and resuspended at a concentration of 2 ϫ 10 7 cells/ml in ice-cold PBS. Cells (0.390 ml) were mixed with 10 g of in vitro-transcribed viral RNA, placed in a 2-mm gap cuvette, and electroporated at 1.2 kV and 25 F with infinite ⍀ in an XCell gene pulser (Bio-Rad). Cells were allowed to recover for 10 min at room temperature and then mixed with 6 ml of prewarmed medium and placed into a T-25 flask. After 48 h of incubation at 37°C, virus titers were determined by standard plaque assay. In brief, 10-fold serial dilutions of each virus in DMEM were incubated on a confluent monolayer of Vero cells for 1 h at 37°C. After incubation, the cells were overlaid with 0.8% agarose dissolved in DMEM and 2% newborn calf serum, followed by incubation at 37°C for 72 h. The cells were then fixed with 4% formalin, the agarose plugs were removed, and plaques were visualized by the addition of crystal violet.
To generate working viral stocks, each virus sample was passaged once over a 70 to 80% confluent monolayer of BHK-21 cells, the titers were determined as described above, and the samples were divided into aliquots and stored at Ϫ80°C until use. All viruses were passaged three times in BHK-21 cells and fully sequenced to ensure mutation stability and no second-site mutations.
Drug sensitivity assays. HeLa cells (250,000 cells/well in 12-well tissue culture plates) were pretreated with either medium containing no drug or medium containing drugs (RNA mutagens or nucleotide biosynthesis inhibitors). The incubation times and concentrations were as follows: 2 h with 200 or 400 M ribavirin and 5-fluorouracil (Sigma) at 40 g/ml and 30 min with 0.5 M brequinar and 20 M mycophenolic acid (Sigma). Posttreatment, the medium was removed, and the cells were inoculated with virus in DMEM at a multiplicity of infection (MOI) of 0.1 for 1 h at 37°C. After virus incubation, medium containing each compound was added, and the cells were incubated for 72 h at 37°C. Virus was harvested at 72 h, and mean titers were obtained by determining the 50% tissue culture infective dose(s) (TCID 50 ). In brief, a 96-well tissue culture plates was plated for each virus with 10 4 Vero cells/well. Viruses were serially diluted in 8 10-fold dilutions in DMEM. Each dilution was distributed in a row of the 96-well plate, with each well receiving 100 l of diluted virus. Viruses and cells were incubated 5 to 7 days at 37°C with 5% CO 2 . After incubation, the cells were fixed with 50 l of 4% formalin, the medium was removed, and 50 l of crystal violet was added to each well. For ribavirin sensitivity assays, viruses that exhibited significant sensitivity or resistance compared to the wild type at P Ͻ 0.05 or greater at either 200 or 400 M ribavirin were considered potential fidelity variants, and mutation frequencies were estimated.
Mutation frequencies by molecular cloning. To determine mutation frequencies, all mutants were electroporated in tandem into BHK-21 cells. Supernatants were collected 48 h later, and viral RNA was extracted as described above. For CHIKV, an ϳ800-bp region corresponding to nucleotides 9943 to 10726 was amplified of the E1 region of the genome using the forward primer 5=-TACGAACACGTAACAGTGATCC-3= and the reverse primer 5=-CGCTCTTACCGGGTTTGTTG-3=. For SINV, the analogous region was amplified using the forward primer 5=-TACGAAC ATGCGACCACTGTTC-3= and the reverse primer 5=-CGCTCGGAGCG GATTTACTG-3=, and ϳ500 bases of this fragment were included in the analysis. Amplified fragments were purified as described above, and 3 l of each product was modified by a 3= A-overhang addition reaction (1 l of AmpliTaq Gold 10ϫ buffer, 1 l of 10 mM dATP). Modified products were cloned using the TopoTA cloning kit (Invitrogen), and single colonies were picked for sequencing. Mutation frequencies were determined as previously described (27) . Mutation frequencies from HeLa and Vero cells were performed in a similar manner.
Population diversity and mutation frequencies by deep sequencing. To estimate the population diversity of variants by deep sequencing, cDNA libraries were prepared using Maxima H Minus reverse transcriptase (Invitrogen) from RNA extracted from virus generated and passaged three times in BHK-21 cells. The viral genome was PCR amplified by using a high-fidelity polymerase (Phusion) to generate one amplicon spanning the majority of the CHIKV genome. PCR products were fragmented (Fragmentase), multiplexed, clustered, sequenced in the same lane with Illumina cBot and GAIIX technology, and analyzed with established deepsequencing data analysis tools and in-house scripts. Briefly, per-base Phred quality scores were utilized to trim bases with error probabilities higher than 0.001, and sequences with fewer than 16 bases after trimming were discarded. For this purpose, we used the fastq-mcf tool from the ea-utils toolkit (http://code.google.com/p/ea-utils). The alignment step is performed using the Burrows-Wheeler Aligner (28) , and Pileup analysis is performed using SAMtools (29) . Once the pileup is done, the ViVAn bioinformatics pipeline was used to collect the data per position and calculate the variance at each nucleotide position by root mean square deviation (30) . These values were then used to determine the mean variances and standard errors across the whole genome.
Viral replication and extracellular RNA synthesis. Virus growth was evaluated in BHK-21 cells, and titers were determined by calculating the TCID 50 for Vero cells as described above. Viruses were diluted to achieve an MOI of 1 in serum-free medium and incubated on each cell type for 1 h at 37°C. After this incubation, the virus was removed, the cells were washed twice in PBS, and complete medium was added. At 0, 2, 4, 8, and 24 h postinfection, supernatants were collected for titration and RNA extraction.
For CHIKV, the genome copy number was determined by extracting viral RNA from the supernatant at each time point using the TRIzol reagent and performing quantitative reverse transcription-PCR (qRT-PCR) using the TaqMan RNA-to-Ct kit (Applied Biosystems). Cycle threshold (C T ) values were determined in duplicate based on amplification of nsP4 transcripts using forward (5=-TCACTCCCTGCTGGACTTGATAGA-3=) and reverse (5=-TGACGAACAGAGTTAGGAACATACC-3=) primers and a probe (5=-[6-FAM] AGGTACGCGCTTCAAGTTCGGCG-3=) as previously published (31, 32) . Standard curves were performed in each run using samples of in vitro-transcribed CHIKV RNA.
Pulse-chase analysis. BHK-21 cells were infected with wild-type CHIKV of the nsP2 G641D variant at an MOI of 10 in infection medium comprised of Glasgow minimum essential medim, 1% penicillin-streptomycin, 20 mM HEPES (pH 7.2), and 0.2% bovine serum albumin. At O, dried, vacuum dried, exposed to a phosphoscreen, and visualized using a Typhoon Trio scanner (GE Healthcare). The images were quantified using ImageJ. Subcellular fractionation and immunoblotting. BHK-21 cells were infected with wild-type CHIKV, nsP4 C483Y, nsP2 G641D, and the double mutant at an MOI of 1 and then incubated at 37°C for 16 h. The medium was then removed, and the cells were washed once with PBS and treated with trypsin. The cells were harvested by centrifugation at 1,200 ϫ g for 5 min, the supernatant was removed, and the cells were washed once with ice-cold PBS. Cells were resuspended in swelling buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, and 1.5 mM MgCl 2 containing complete protease inhibitor [Roche]), incubated on ice for 15 min, and lysed by Dounce homogenization. Homogenized samples were centrifuged at 500 ϫ g for 5 min at 4°C. The supernatant was removed and centrifuged at 12,000 ϫ g for 15 min at 4°C. Samples containing membrane fractions were resuspended in storage buffer (250 mM sucrose, 10 mM Tris-HCl [pH 7.4], 10 mM NaCl, complete protease inhibitor), and the total protein concentration was determined by Bradford Assay (Bio-Rad). Membrane fractions were adjusted to 5 mg of total protein/ml, divided into aliquots, and stored at Ϫ80°C.
For immunoblotting, samples were mixed with 2ϫ Laemmli buffer (Bio-Rad) containing 10% 2-mercaptoethanol. Samples were heated at 95°C for 10 min, separated by SDS-PAGE and transferred to nitrocellulose membrane (Bio-Rad). Membranes were blocked in 5% nonfat milk in Tris-buffered saline (20 mM Tris-HCl [pH 7.4], 0.1 mM EDTA, 150 mM NaCl) containing 0.1% Tween 20 (TBST) and incubated overnight with antibodies to nsP1, nsP2, nsP3, or nsP4. Capsids prepared either in-house (E1 [kindly provided by P. Gorman]) or obtained from commercial sources (CoxIV; Cell Signaling; tubulin, Sigma) were diluted in blocking buffer. Membranes were washed extensively in TBST, incubated in secondary anti-rabbit horseradish peroxidase-antibody (Millipore), and washed three more times in TBST. Membranes were developed using Supersignal West Pico chemiluminescent substrate (Thermo Scientific).
Purification of CHIKV nsP2 variant. The nsP2 G641D mutation was introduced into the pET-nsP2 expression vector by site-directed mutagenesis using the primers described above. The expression and purification of wild-type nsP2, nsP2 G641D, and nsP2 5A-PG as a negative control (21) was performed as previously described (33) . Bacterial cells were harvested from overnight culture and suspended in lysis buffer. After lysing the cells using a French press, the lysate was clarified by high-speed centrifugation. Subsequently, the proteins were purified by Ni affinity, ion exchange, and size exclusion, as described previously (33) . The purity of the recombinant proteins was analyzed by standard PAGE. After the concentration of the protein samples was measured by a NanoDrop 1000 (Thermo Scientific), taking into consideration the extinction coefficient, the samples were flash frozen and stored at Ϫ80°C. Then, 1.5 g of purified wild-type (WT) or G641D nsP2 enzymes was analyzed by SDS-PAGE (see Fig. 4B ). Circular dichroism spectroscopy was performed as previously described to ensure that the WT and variant nsP2 had comparable fold patterns (33) .
CHIKV nsP2 in vitro protease cleavage assay. The substrates for nsP2 cleavage were designed and purified as previously described (21) . Protein cleavage assays were carried out by incubating 250 ng of purified nsP2 or nsP2 G641D variant with 2 g of substrate in assay buffer (20 mM HEPES [pH 7.2] and 2 mM dithiothreitol [DTT]) at a final volume of 8 l. Reaction mixtures were incubated at 30°C for 6 min or 1 h, followed by the addition of 2ϫ Laemmli buffer. Samples were boiled and resolved on a SDS-10% PAGE gel and processed as previously described (21) .
The continuous protease assays were performed using fluorescence resonance energy transfer (FRET)-based substrate representing the CHIKV nsP3/4 cleavage site (34) (Fig. 4D ). Briefly, a peptide substrate comprising 15 amino acids (DELRLDRAGGYIFSS) of the nsP3/4 cleavage site was commercially purchased from GeneScript, USA, which was with an excitation wavelength of 340 nm and an emission wavelength of 490 nm at an interval of 5 min for a total period of more than 2 h. Finally, the data were normalized to a no-enzyme control and are expressed as relative fluorescence units (RFU).
In vitro RNA helicase assays. RNA oligonucleotide substrates with 5= overhang for helicase assays were prepared as described previously (21) . For helicase assays, a 50 pM concentration of RNA substrate was incubated with 12.5 nM purified WT nsP2 or the nsP2 G641D variant in reaction buffer containing 20 mM HEPES (pH 7.2), 2 mM DTT, and 10 mM NaCl in a final volume of 60 l. Reaction mixtures were preincubated for 15 min at 22°C, and each reaction mixture was incubated with or without ATP-Mg 2ϩ (3.5 mM, final concentration) at 30°C. Then, 5-l aliquots were removed at the indicated time points, and the reactions were stopped and processed further as described previously (21) . Images were quantified using ImageJ.
NTPase assays. NTPase assays were performed as essentially described previously by using the EnzCheck phosphate assay kit (Life Technologies) according to the manufacturer's protocol; however, the final reaction volumes were adjusted to 200 l (33). In brief, 500 ng of purified protein was incubated in 1ϫ reaction buffer (50 mM Tris-HCl [pH 7.5], 1 mM MgCl 2 , 100 M NaN 3 ) containing 200 M 2-amino-6-mercapto-7-methylpurine riboside substrate (MESG) and 0.2 U of purine nucleoside phosphorylase in a final volume of 160 l. After the initial incubation at 22°C for 10 min, continuous spectrophotometric measurements were carried out using an Ultrospec 7000 spectrophotometer (GE Healthcare) immediately after the addition of 40 l of 1 mM nucleoside triphosphate (NTP) substrate.
In vitro replication assay. Portions (10 g) of isolated membranes were added to a reaction mixture containing 1ϫ reaction buffer (50 mM Tris-HCl [pH 8], 50 mM KCl, 3.5 mM MgCl 2 ), 10 mM DTT, 10 g of actinomycin D/ml, 5 mM creatine phosphate, 25 g and creatine phosphokinase/ml, 1 mM ATP, 1 mM GTP, 1 mM CTP, 50 M UTP, 10 Ci of [␣-32 P]UTP (Perkin-Elmer), and 1 l of RNaseOUT (final concentration) and then incubated for the indicated time at 37°C. To examine the in vitro replication at low nucleotide concentrations, reactions were performed as described above but with ATP, CTP, and GTP concentrations of 10 or 100 M. RNA was extracted with phenol-chloroform, and unincorporated nucleotides were removed using Illustra MicroSpin S200 HR columns (GE Healthcare) and separated on a 1% TAE agarose gel. Gels were dried and exposed to autoradiography film. Genomic and subgenomic RNAs were identified by size using in vitro-transcribed RNA standards.
Statistical tests. All experiments were performed in triplicate unless noted otherwise. Statistics, noted where applied, were performed in GraphPad Prism. P values of Ͻ0.05 were considered significant.
RESULTS
The alphavirus nonstructural protein 2 regulates genome replication fidelity. In a previous study we identified a novel mutagen- resistant variant of CHIKV nsP2 at position 641 (G641D), suggesting that nsP2 may play an important role in maintaining replication fidelity (10) . To address this possibility, we introduced this substitution into our infectious clone and measured the mutation frequencies of the resulting viral populations in multiple cell types compared to wild-type (WT) CHIKV (Fig. 1A) . This variant manifested increased fidelity in every cell type, indicating that nsP2 is indeed involved in regulating CHIKV genome fidelity. Furthermore, given that both the CHIKV high-fidelity polymerase variant nsP4 (C483Y) and the novel nsP2 (G641D) variants were isolated in the same antiviral treatment, we addressed their additive roles in resistance to the RNA mutagens ribavirin and 5-fluorouracil (Fig. 1B) . Both individual variants were resistant to each drug, and the combination of the two variants (DM) enhanced this further. We then addressed the mutation frequency of each virus in the absence (black bars) or presence (white bars) of ribavirin to examine the extent of mutagenesis (Fig. 1C) . As expected, the wild-type population was mutagenized by the drug to the greatest degree, whereas the higher-fidelity nsP4 variant resisted mutagenesis, as previously reported (10) . The nsP2 G641D single variant led to an even higher-fidelity phenotype than the nsP4 variant. Interestingly, the nsP2 and nsP4 double mutant completely resisted the mutagenic activity of ribavirin. These data suggest that these two proteins work together to regulate fidelity by nonredundant mechanisms, so the nsP2 mutation may have been selected based on the antimetabolic activities of ribavirin and 5-fluorouracil. Given the seemingly synergistic role of nsP2 and nsP4 in regulating fidelity, we sought to determine whether the nsP2 fidelityincreasing mutation could compensate for the low-fidelity activity of a mutator variant of the nsP4 polymerase ( Fig. 1D and E) . To analyze this, we took advantage of a previously identified nsP4 variant C483G that has an increased mutation frequency and found that the combination of low-fidelity nsP4 with high-fidelity nsP2 yielded an intermediate mutation frequency, further suggesting these two viral components both contribute to replication fidelity.
Finally, we were interested in whether this novel function of nsP2 was conserved among the alphavirus genus. A protein alignment of the alphavirus nsP2 revealed that CHIKV and a close relative, O'nyong nyong virus (ONNV), also contain a glycine at this corresponding position, whereas other alphaviruses contain a glutamic acid (Fig. 2A) . Interestingly, the increase in fidelity observed in G641D was conferred by a change to negatively charged aspartic acid, mirroring the charge of the naturally occurring glutamic acid in other alphaviruses. Therefore, we hypothesized that there is an essential requirement for a negative charge at this position for maintaining fidelity. To address this, we introduced a glutamic acid at position 641 of CHIKV and observed a decrease in mutation frequency similar to the G641D variant (Fig. 2B) . In a previous study, we had observed that SINV maintained a lower basal mutation frequency (higher native fidelity) than CHIKV (11). When we changed the analogous residue in SINV from a glutamic acid to the glycine normally observed in CHIKV, the mutation frequency of SINV E650G nearly doubled (Fig. 2B) . In addition, we found that SINV with the nsP2 E650G change was sensitive to ribavirin treatment (Fig. 2C) , a phenotypic confirmation of reduced replication fidelity (6, 11) . Taken together, these data implicate nsP2 as a key regulator of alphavirus replication fidelity, which functions together with nsP4 to maintain genomic integrity.
High-fidelity CHIKV variants have increased in vitro replicase activity and an increased access to nucleotides. To further study the role of these high-fidelity variants and their function in the viral life cycle, we determined one-step growth curves to address viral replication and RNA production and yet found no differences between these variants (Fig. 3A and B) . This does not, however, rule out differences that may occur intracellularly or early during infection. nsP2 functions as the viral protease early during infection, cleaving the viral polyprotein in a temporal manner, which regulates multiple steps in RNA replication (35) (36) (37) . To address the kinetics of polyprotein processing, we performed pulse-chase experiments on the WT and the nsP2 G641D variant, looking specifically at the cleavage of nsP1 and nsP2 dur- ing the initial steps of infection, and yet no differences were observed ( Fig. 3C and D) . In addition to being the viral protease, nsP2 functions as a helicase and NTPase. To address these functions, we took advantage of a recently developed biochemical assay using purified nsP2 (21, 33) . We purified WT nsP2 and the G641D variant and found no difference in protein purity by SDS-PAGE (Fig. 4A) or protein folding by circular dichroism spectroscopic analysis (Fig. 4B) , suggesting that this mutation does not affect protein structure. Next, we addressed the in vitro protease activity of nsP2 by using a substrate containing the nsP2/3 cleavage site linking two larger protein fragments (21) . We found no difference in nsP2 protease activity at 6 min (early events) or 1 h (late events), confirming our results from tissue culture pulsechase analysis (Fig. 4C) . Interestingly, when we used a more sensitive FRET based protease assay using the nsP3/4 cleavage site, we observed a slight increase in protease activity with the G641D variant ( Fig. 4C and D) . The nsP2 5A-PG variant was used as a negative control. In addition, we addressed the helicase activity of the G641D variant, and we found no difference in helicase activity in the presence or absence of ATP and Mg 2ϩ after incubation for 1 h (Fig. 5A and B) . To address this further, we performed kinetic assays to look at the early events in RNA unwinding (Fig. 5C and   D) . Here, we found the G641D variant to present impaired helicase function early in the boost phase of unwinding and to plateau at a lower level compared to wild-type nsP2. Finally, we looked at the relative NTPase activity of these purified proteins and found that the nsP2 high-fidelity variant G641D exhibited increased NTPase activity for all NTP substrates in vitro (Fig. 5E and F) . The 5A-PG variant was used a negative control.
These data suggest that nsP2 G641D may play a role in the replication complex's ability to hydrolyze nucleotides; however, since the other nonstructural proteins have not yet been successfully biochemically purified and tested in vitro, we could not test this further. As an alternative approach, we isolated functional replication complexes by differential centrifugation from infected cells to determine the kinetics of in vitro RNA synthesis and biochemical characteristics of these complexes, which contained equal amounts of all viral proteins (Fig. 6A) . We found that highfidelity nsP4 variant C483Y and the double mutant had more rapid kinetics compared to wild-type, whereas the nsP2 variant G641D had an intermediate phenotype ( Fig. 6B and C) . These increased replication kinetics and NTPase activities of nsP2 lead us to hypothesize that the high-fidelity variants are better able to access or utilize nucleotide pools, increasing the overall rate of polymerization. Because ribavirin is known to deplete GTP pools, we hypothesized that increased polymerization in limiting NTP conditions could lead to the resistance we observe in the presence of ribavirin. To study this, we incubated isolated replication complexes in low nucleotide concentrations and addressed the amount of RNA synthesized in vitro ( Fig. 6D and E) . We found that whereas wild-type replication complex activity was reduced roughly 2-fold when nucleotides were limiting, the activity of all three high-fidelity variants was reduced to a greater extent under these conditions (Fig. 6E) . Taken together, these data suggest that high-fidelity variants of nsP4 and nsP2 may reduce their replicase activity to become more selective to nucleotide pools and replicate more efficiently even at low nucleotide concentrations.
CHIKV high-fidelity replicase variants confer resistance to inhibitors of nucleoside biosynthesis. The nsP2 and nsP4 variants were selected in the presence of ribavirin, an RNA mutagen that is also a purine biosynthesis inhibitor. Therefore, we hypothesized that the antiviral effects of ribavirin on viral growth should be at least partially complemented by the addition of exogenous nucleosides. Indeed, we found that the viral growth of the highfidelity variants increased with low concentrations of guanosine, and at high concentrations all viruses, including wild type, were rescued (Fig. 7A) . As a control, we added uridine, which was unable to rescue viral growth to the extent of guanosine. These data reinforce previous studies that the antiviral effect of ribavirin contributes at two levels: at the primary level of nucleotide depletion and at the secondary level as a RNA mutagen.
The results obtained by ribavirin treatment in conjunction with rescue by addition of nucleotides suggest that the nsP2 variant may have an advantage in nucleotide-depleted cells, similar to what we observed by measuring of mutation frequencies in the presence of ribavirin, and in our biochemical assays. We thus sought to determine whether these variants were resistant to other nucleotide-depleting compounds, using mycophenolic acid and brequinar, which are not nucleoside analogues. Mycophenolic acid inhibits IMPDH, acting analogously to ribavirin to deplete GTP pools. In contrast, brequinar is a compound that acts by inhibiting dihydroorotate dehydrogenase, a key enzyme in pyrimidine synthesis, depleting both CTP and TTP (38, 39) . By treating cells during viral infection with each compound, we found that the high-fidelity nsP2 variant and double mutant were more resistant to both nucleotide-depleting compounds (Fig. 7B and C) , similar to what we observed with ribavirin treatment. Interestingly, the nsP4 high-fidelity variant was not resistant to pyrimidine depletion and the addition of this variant to nsP2 G641D did not further enhance the resistance of the single nsP2 mutation, suggesting that nsP2 and nsP4 may function independently under these condi- tions. Furthermore, viral growth was restored with the addition of relevant exogenous nucleosides, whereas the addition of irrelevant nucleosides was not effective for restoring viral growth, confirming that nucleotide depletion was leading to viral attenuation. Taken together, these data show that high-fidelity variants are more resistant to nucleotide-depleting conditions and that the selection of these variants in the presence of these compounds suggests that RNA viruses can regulate their fidelity to compensate for such intracellular changes.
DISCUSSION
The vast majority of work focusing on RNA virus replication fidelity has highlighted the essential role of the RdRp in maintaining genomic integrity. Past works were largely facilitated by selecting for viruses resistant to RNA mutagens, thus yielding a polymerase that is more resistant to nucleoside analogue misincorporation. In a previous study, we passaged CHIKV in the presence of mutagens in order to identify a high-fidelity alphavirus polymerase. Unexpectedly, in the process we uncovered a variant of the helicase/ protease (nsp2 G641D) in addition to a high-fidelity polymerase variant (C483Y) (10) . Here, we explored the role of this variant and nsP2 in resistance to RNA mutagens, fluctuations in nucleotide pools, and fidelity. We found that this single substitution in nsP2 led to resistance to several RNA mutagens, as well as nucleotide synthesis inhibitors. In addition, this variant increased the fidelity of CHIKV in multiple cell types, providing a novel role for the nsP2 protein in the viral life cycle and demonstrating that other nonstructural proteins play important roles in RNA replication fidelity aside from the polymerase itself. One possible explanation for these changes in fidelity could be due to changes in physical interactions between nsP2 and nsP4, particularly since these mutations were always found on the same genomes in the original screen for resistance to ribavirin and 5-fluorouracil. Nonetheless, this does not rule out the possibility of differences in physical interactions or binding affinities with other viral nonstructural proteins in the replication complex. Interestingly, mutations in the nsP1 of SINV conferring ribavirin resistance have been described (40) . It would be interesting to test whether these mutations in nsp1 also alter viral replication fidelity by mechanisms similar to what we describe for nsP2 G641D. Currently, nonpolymerase fidelity determinants for RNA viruses have only been described in coronaviruses, which are unique in having a proofreading RNase (ExoN) (41) . Manipulating ExoN or its viral cofactor nsp10 yields variants with altered fidelity (42) . Helicaselike accessory proteins, on the other hand, are common across many RNA viruses and may be a more general mechanism of complementing RNA polymerase fidelity.
Not only did the nsP2 variant confer resistance to ribavirin and 5-fluorouracil, but the addition of the nsP4 high-fidelity polymerase variant further increased resistance to these mutagens, supporting that these two proteins are functionally linked to modulate replication fidelity by complementary mechanisms. This was highlighted by the additive increase in fidelity of the double mutant containing a high-fidelity polymerase, and the restoration of wild-type-like mutation frequencies in the double mutant containing a low-fidelity polymerase. In fact, the nsP2-nsP4 highfidelity double mutant showed no sign of mutagenesis in the presence of ribavirin. These results suggest that these high-fidelity replication complexes are selectively incorporating nucleotides in such a way that ribavirin cannot enter the replication complex or be incorporated into the growing RNA strand possibly due to selective steric hindrance or increased affinity to intracellular nucleotides. Importantly, our data suggest that the mutagenic effects of base analogs resulting from misincorporation is potentiated under conditions of nucleotide depletion, when natural bases may not be available or accessible. This finding is of importance to optimize the design of future nucleoside analogues, to either more closely resemble natural nucleotides and/or increase their effects on natural nucleotide pools.
In addition to a role of nsP2 in regulating CHIKV replication fidelity, we were interested in whether these characteristics were shared between other alphaviruses. In previous studies, we observed that the mutation frequency of SINV was naturally lower than that of CHIKV. The amino acid sequence alignment of this region between several alphaviruses indicated that, with the exception of ONNV, other alphaviruses contained a negatively charged glutamic acid instead of a glycine ( Fig. 2A) . This negatively charged residue is similar to the aspartic acid that was selected in ribavirin treatment, suggesting that having a negative charge at this position plays an important role in maintaining replication fidelity. Indeed, when we changed the G641D variant from an aspartic to a glutamic acid to mimic the other alphaviruses we obtained the same high-fidelity phenotype. Furthermore, when we changed the glutamic acid of SINV to a glycine, we increased the mutation frequency of SINV, appreciably further confirming the role of this residue and nsP2 protein in determining replication fidelity of this virus genus. Importantly, if manipulating this residue is a genus-wide determinant of fidelity, mutator variants for other alphaviruses could be easily obtained. Mutator strains, which are known to result in attenuation in vivo (6, 11, 43) , could provide novel therapeutic vaccine strategies.
To understand the mechanisms by which the nsP2 high-fidelity variant was changing mutation frequency, we used a biochemical system that has been used to study a variety of aspects of nsP2 biology (21, 33) . Using this system, we identified differences in the relative helicase and NTPase activity of the 641D variant. We observed a trend in increased NTPase activity for all nucleotides but a reduction in helicase activity in vitro. Overall increases in NTPase activity by G641D combined with the WT polymerase of (relatively) lower fidelity may provide support as to why the nsP2 641D replication complex is most sensitive to ribavirin misincor- poration among the high-fidelity viruses (compare Fig. 1C , C483Y and G641D), whereas a combination of nsP2 641D and 483Y yields a complex that is largely unable to acquire ribavirin. In addition, slower helicase activity may provide a basis for selective nucleotide incorporation. However, it should be noted that although these results are intriguing and this system is robust and sufficient for studying purified nsP2, it is lacking all other components of the replication complex, which have yet to be successfully expressed in vitro. These missing components will more then likely influence many aspects of nsP2 biology, and thus these in vitro results, while informative, should be interpreted with this in mind.
Given the lack of a biochemical system to examine nsP4 in isolation, we addressed the replication activity of isolated active replication complexes from infected cells. In contrast to previous work showing reduced replication rate can increase selectivity and fidelity, we found that high-fidelity replication complexes had increased kinetics compared to the wild type. An explanation for this discrepancy could be the ability of the replication complex to receive and process nucleotides at an increased rate (due to changes in the structural arrangement of the replication complex) and thus have a greater ability to access and process the necessary components for RNA synthesis, while still possessing a high-fidelity state. Nonetheless, these results, which are in contradiction to the observations that a polymerase that makes fewer errors generally manifests a slower polymerization rate (44) . It is also possible that such contrasting results are caused by technical differences in the assays used, since correct nucleotide incorporation assays use synthetic substrates and purified polymerases in isolation, in abbreviated nucleotide incorporation cycles. Regardless, it is likely that replicase function and fidelity is not only regulated at nucleotide access but at multiple levels, including RNA structure, replicase protein-protein interactions and processivity, RNA-protein interactions, and host components, all areas that need to be addressed to fully understand replicase fidelity.
In addition to increased kinetics at more optimal conditions, we addressed the activity of high-fidelity replication complexes in low nucleotide conditions. We found that when nucleotide levels were reduced 10-fold, the high-fidelity replication complex activity was reduced to a greater extent than wild type and yet still was capable of synthesizing more RNA and in turn overcoming low nucleotide levels. We speculate that these variants have adopted finely calibrated replication complexes that allow for greater access to incoming nucleotides (or other necessary components) or higher processivity of nucleotides once they are encountered.
On the basis of these in vitro and biochemical studies and given the pleiotropic effects of ribavirin, we then addressed the resistance of the high-fidelity variants to compounds that deplete intracellular nucleotide levels and yet are not reported to be nucleoside analogues, such as mycophenolic acid and brequinar. We found that all of the high-fidelity variants resisted the antiviral effects of mycophenolic acid better than WT CHIKV, whereas only the nsP2 G641D variant conferred resistance to brequinar. In addition, viral growth could be rescued with the addition of relevant exogenous nucleosides. These results in tissue culture support our in vitro and biochemical results that high-fidelity variants are able to function better in the presence of low levels of nucleotide. In particular, the resistance of nsP2 G641D and not nsP4 C483Y to brequinar and pyrimidine depletion may explain the enhanced NTPase activity of the G641D variant to the pyrimidines CTP and UTP. Furthermore, since we were able to completely restore virus titers after drug treatment with the addition of exogenous nucleotides, our data do suggest that these compounds may be more effective RNA mutagens only when natural nucleotide pools are concomitantly depleted, an observation that is supported by the ability to complement the mutagenic effect of ribavirin and mycophenolic acid with the addition of relevant nucleosides (45) . In summary, we show the essential role and novel function of nsP2 in maintaining alphavirus replication complex fidelity. Furthermore, our evidence supports the long-standing hypothesis for a concerted and dynamic interaction between viral helicases and polymerases to orchestrate replication fidelity (46) . These studies highlight the mechanisms by which RNA viruses respond to their intracellular environments to replication fidelity in low nucleotide concentrations. Given that many nucleoside analogs and RNA mutagens are already used or being considered in clinical settings, understanding the mechanisms by which they increase mutation rates will facilitate their use as broad-spectrum antivirals.
